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Research paper
Transcriptome analysis of Sulfolobus solfataricus infected with two related fuselloviruses reveals novel insights into the regulation of CRISPR-Cas system Salvatore 
Introduction
The majority of organisms is susceptible to viral infection and accordingly it has been predicted that viruses inhabit several niches worldwide [1, 2] . This makes viruses, especially those infecting prokaryotes (i.e. Archaea and Bacteria), the most predominant biological entity on Earth [3] . Soon after the discovery of the archaeal domain, many viruses and virus-like particles have been isolated from extremely hot, low pH or hypersaline niches [4, 5] . Intriguingly, these viruses exhibit unique morphologies compared to those of bacteriophages, and fall into ten new virus families in the current classification [4, 6, 7] . For instance, spindleshaped viruses are exceptional on their own since this morphotype is a hallmark of viruses infecting archaeal microorganisms [8] and it has never been described for bacteriophages or eukaryal viruses.
Spindle-shaped viruses infecting organisms of the genus Sulfolobus (SSVs) belong to the family Fuselloviridae, which comprises so far ten members (SSV1, SSV2, SSV3, SSV4, SSV5, SSV6, SSV7, SSV8, SSV9 and ASV1) [5, 9] . Sulfolobus spindle-shaped virus 1 (SSV1) is a model virus for investigating virusehost relationship, since it is the only UV-inducible archaeal virus isolated to date [9e11] . Analysis of SSV1 transcription has laid the basis for understanding how archaeal gene expression is regulated [12, 13] . Moreover, its genome has served as a backbone for the construction of vectors for genetic manipulation and gene expression in Sulfolobus [9] . SSV1 is a temperate virus that, upon infection, establishes a stable coexistence with the host by keeping its copy number low and constant throughout the growth of infected cells. It is worth noting that, unlike lambda-lysogens, in which only proviruses exist, SSV1-lysogens carry both a provirus (an integrated viral genome in the host chromosome) and a few episomal copies of the viral DNA [14, 15] . Consequently, viral progeny is constitutively produced at low level even in the absence of the inducing stimulus (i.e. UV-light exposure). Therefore, the lysogenic state of SSV1 is better defined as a carrier state [11, 16] . The transcriptional map of SSV1 highlighted the chronological expression of viral genes as consequence of the UV exposure [10] and helped speculating about the function of their products. However, so far, the general lack of sequence similarity with other proteins in public databases has hindered functional studies of these viral genes. In fact, only a limited number of proteins encoded by SSV1 or other fuselloviruses have been functionally and/or structurally characterized [11,17e24] .
On the other hand, although SSV2 resembles SSV1 in the shape of the viral particle as well as in genome organization and gene synteny, its replication is not induced by an external stimulus as for SSV1. Rather, the SSV2 copy number is kept constant and low (around 1e3 copies per cell) until the native host Sulfolobus islandicus REY15/4 enters into the stationary growth phase, when a steep increase of the copy number occurs (25e50 copies per cell) [25] . This effect has not been observed for the permissive host Sulfolobus solfataricus, in which SSV2 shows a copy number comparable to that of the induced state of the natural host. This led to the hypothesis that a transcription factor encoded by the natural host S. islandicus was involved in the regulation of the viral replication induction and this factor is presumably absent in the foreign host S. solfataricus [25] .
Recently, a transcriptome analysis has been carried out to define the gene expression pattern of SSV2 in the early stages of infection of S. solfataricus cells (up to 9 h post infection) [26] . This allowed detecting seven non-overlapping transcripts that were termed after the SSV1 counterparts. Although, genome transcription occurred (as for SSV1) in a temporal fashion, early genes were not adjacently located and displayed a distributive pattern of expression [26] . Since the study by Ren et al., is limited to a short post-infection time window, genes responsible for the maintenance of the SSV2 carrier state have not been identified.
Only a few global gene expression analyses of hosts infected with archaeal viruses have been reported [10,26e29] . Worthmentioning are those performed on the lytic Sulfolobus islandicus rod-shaped virus 2 (SIRV2), which exhibits a temporal pattern of gene expression [28] as well as on the Sulfolobus turreted icosahedral virus (STIV), which does not show any temporal regulation [27] . Viralehost interactions in Crenarchaea have been successfully investigated at gene expression level both for lytic and temperate viruses, using as host S. solfataricus P2. Since it has been shown that several S. solfataricus strains isolated in Italy are susceptible to infection by all fuselloviruses [30] , this host is a suitable crenarchaeal model to study fusellovirusehost relationships. Moreover, the strain P2 harbours the CRISPR-Cas antiviral defense system, which is one of the main players of the virusehost arms race. In brief, to achieve viral immunity, DNA sequences of invading genetic elements (i.e. protospacers) are integrated in the array of a CRISPR locus in a process known as adaptation. Transcription of these loci produces crRNAs that form ribonucleoprotein complexes with Cas proteins. Foreign nucleic acids are detected and degraded by these complexes in the interference stage [31] .
The genome of S. solfataricus P2 harbours six CRISPR loci (from A to F) and cas gene cassettes encoding for up to seven different interference complexes, i.e. of subtypes I-A (Cascade complex), III-B (CMR complex) and III-A [31] . Whereas ribonucleoprotein complexes of subtypes IA and III-A exert DNA recognition and degradation, those belonging to the subtype III-B cleave RNA in a sequence-specific manner. These features make S. solfataricus P2 an exceptional model to investigate the modulation of the CRISPRCas system activity in response to the infection by different viruses. Herein we report a whole-transcriptome analysis that highlights gene expression remodelling in S. solfataricus upon the establishment of SSV1 and SSV2 into the host cells. Previous studies have been carried out to investigate on variation of gene expression in the immediate aftermath of SSV2 infection (up to 9 h later) [26] or upon UV-stimulus in SSV1 lysogens [10] . We show that once SSV1 and SSV2 established a carrier state, the host response elicited by the two viruses is very different. Noteworthy, the up-regulation of CRISPR-Cas system occurs only in cells infected with SSV2.
Materials and methods

Strains, media and growth conditions
SSV1-, SSV2-and SSV1/SSV2-infected strains of S. solfataricus P2 were generated, as described elsewhere [11, 25] , using as host the uracil auxotrophic mutant InF1 [32] . Cultures were grown aerobically in TYSU, i.e. a glycine-buffered Brock's basal salt solution supplemented with 0.1% tryptone, 0.05% yeast extract, 0.2% sucrose and 0.002% uracil (w/v); the pH was adjusted to 3.2 with H 2 SO 4 [32] . Incubation was conducted in 250-ml Erlenmeyer flasks at 75 C, with a shaking rate of 150 rpm in an Innova 3100 Water bath shaker (New Brunswick Scientific Corp).
Aliquots from frozen cultures of the uninfected InF1 and the infected strains (SSV1-InF1, SSV2-InF1 and SSV1/SSV2-InF1) were revitalized by inoculating in TYSU medium. Cell growth was spectrophotometrically monitored at 600 nm (OD 600 ) throughout the cultivation by means of a Variant Cary ® 50 Bio UV/Visible Spectrophotometer (McKinley Scientific). Once reached 0.4 OD 600 , cultures were diluted to 0.05 OD 600 , incubated back to 75 C and samples collected at 0.4 OD 600 (early exponential phase) and 1.2 OD 600 (late exponential phase). Cellular pellets were obtained by centrifugation at 3000 Â g for 10 min using the Centrifuge 5810R (Eppendorf) and treated for total DNA and RNA preparations.
To isolate single clones from the SSV2-InF1 strain, serial dilutions of this culture were plated on TYSU-Gelrite and incubated at 75 C. Isolated colonies appeared on the plate surface after 7e10 days (about 100 colonies per plate). Several colonies were inoculated in liquid medium (about 10 per plate), let to grow until 0.4 OD 600 and culture supernatant tested by plaque assay for viral titre determination, using the uninfected InF1 strain as lawn and the supernatant of the SSV2-InF1 culture as a control. Single clones showing a lower viral titre were streaked on plates three times in the attempt to isolate SSV2-cured cells.
RNA extraction, cDNA synthesis and labelling
Total RNA samples were prepared using the TRIzol reagent (Sigma Aldrich ® ) and carried-over DNA was digested using Turbo™ DNase (Ambion ® ), according to the manufacturer's instructions. The enzyme was thermal inactivated at 70 C for 10 min after the addition of 5 mM EDTA (Ethylene Diamine Tetraacetic Acid). DNAfree RNA samples were purified by phenolic extraction and ethanol precipitation. RNA pellets were dissolved in nuclease-free water and both concentration and integrity were checked through: i) electrophoresis on denaturing, formaldehyde-containing 2.0% agarose gel and ii) determination of the 260nm/280 nm adsorption ratio using a Nanodrop 1000 Spectrophotometer (Thermo Scientific). Only samples showing ratios between 2.1 and 1.9 were used for cDNA synthesis.
cDNA labelled with 5-(3-aminoallyl)-dUTP (aa-dUTP) was generated using the Amersham CyScribe Post Labeling Kit (GE Healthcare) according to the manufacturer's directions, with few modifications as follows: 4 ml of random hexamers primers, 1 ml random nonamers primers, 10e15 mg total RNA and nuclease-free water were mixed in a final volume of 11 ml. The mixture was denatured at 70 C for 5 min and chilled at room temperature for 10 min. Four microlitres of 5 Â CyScribe buffer, 1 ml dNTP mix, 1 ml aa-dUTP, 2 ml DTT 0.1 M and 1 ml CyScribe reverse transcriptase, were added to the reaction mixture and incubated at 42 C for 90 min. Afterwards, the RNA template was degraded by adding 2 ml of 2.5 M NaOH and incubating at 37 C for 15 min. The allyl-dUTP cDNA sample was purified using the Illustra Cyscribe GFX Purification kit (GE Healthcare) after neutralizing the reaction mixture with the addition of 10 ml of 2 M HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid). The concentration of the purified cDNA was spectrophotometrically determined.
The CyDye labelling of the amino allyl-modified cDNA was achieved using the Amersham CyScribe Post Labeling Kit (GE Healthcare) and purification of the labelled cDNA was carried out using the MinElute ® PCR purification kit (Qiagen), following the manufacturer's instructions. Reference (ref) and experimental (exp) cDNA samples were labelled with cyanine-3 (Cy-3) and cyanine-5 (Cy-5), respectively. The ratio between the CyDye-labelled and the total cDNAs was used to monitor the labelling efficiency. Only reference and experimental cDNA samples showing similar labelling efficiency were co-hybridized on the same slide. For each hybridization reference and experimental samples are indicated in the text (Section 3, Results and discussion).
Microarray hybridization and data analysis
Customized microarray slides harbouring about 7000 spots were designed by the Sulfolobus genome chips consortium and manufactured by Ocimum Biosolutions (Hyderabad). A single array includes probes, spotted in duplicate, for 3042 S. solfataricus P2 genes, for several crenarchaeal viruses, three plasmids as well as for human and Arabidopsis thaliana sequences as negative controls [26e28]. The microarray slide was first dipped into a coupling jar containing 25 ml of prewarmed prehybridization solution (1% BSA; 5 Â SSC; 0.1% SDS) and then incubated at 42 C for 40 min under shaking (Thermo-Electron Corporation). The prehybridized slide was washed three times with distilled water and once with 100% isopropanol. Finally, the slide was dried by centrifugation and a LifterSlip coverslip was applied onto the array-area.
The hybridization solution, i.e. 60% deionized formamide, 7 Â SSC (1.0 M NaCl, 0.1 M sodium citrate), 2% SDS, 0.2 mg/ml herring sperm DNA and 0.2 mg/ml tRNA was incubated at 95 C for 2 min and chilled on ice for 1 min, before adding equal amounts of reference and experimental cDNAs (50 pmol CyDye for each). Subsequently, the hybridization mixture was carefully injected between the array surface and the coverslip. The slide was sealed in a hybridization chamber and incubated at 42 C for 18 h. Washing of the hybridized slide was performed with: i) a prewarmed solution A (2 Â SSC; 0.1% SDS), at 42 C for 5 min under gentle shaking; ii) a prewarmed solution B (0.1 Â SSC; 0.1% SDS) for 20 min at 42 C and iii) a solution C (0.1 Â SSC) for five times at room temperature. Finally, the slide was dried by centrifugation and immediately scanned using the Array Wor X e (Applied Precision). Data analysis was conducted by ImaGene ® v. 9.0 (BioDiscovery) using default settings, and included the following steps: data import, background adjustment, normalization, summarization and quality assessment. Up to four independent experiments were carried out for each reference/experimental cDNA couple. Moreover, since each probe is present in duplicate on a slide, the fold-change variation for each gene is the average among the collected data points. In particular, the software Imagene ® gives a log 2 ratio value for each analysed spot: Only genes with a VGEF of !2 as well as a p value of <0.05 were regarded as differentially expressed.
PCR analysis of CRISPR loci leader-proximal regions and of the SSV2 integration site
A fundamental step in the CRISPR-Cas system is the adaptation, which consists of the Cas proteins-mediate incorporation of new spacers that occurs immediately downstream the leader sequence of a given CRISPR locus. With the purpose of detecting new spacers integration at the leader-proximal regions of all CRISPR loci (AeF) in the S. solfataricus genome, six primer couples were used (Table S1 ). In particular, these oligonucleotides were designed to amplify the first 5e8 repeat-spacer units located immediately downstream the leader sequence [33] . Thus, integration of new spacers will produce longer PCR products than the control sample (uninfected InF1).
Total DNA samples were prepared using the DNeasy tissue kit (Qiagen), following the manufacturer's instructions and their concentration was spectrophotometrically measured using a Nanodrop 2000 Spectrophotometer (Thermo-Scientific). PCR master mixes were prepared as follows: 1 Â Taq Buffer, 2.5 mM MgCl 2 , 0.2 mM dNTP mix, 0.6 mM primer-fw, 0.6 mM primer-rv and 0.05 U/ml of Taq DNA Polymerase (Thermo Scientific). The thermal cycling protocol was as follows: an initial denaturation step of 5 min at 95 C, followed by 35 cycles of 1 min at 95 C, 1 min at 50 C, and 1 min at 72 C. A final step at 72 C has been carried out for 10 min at the end of the 35th cycle. A negative control (no template) was also included in the analysis. PCR products were analysed in a 1% agarose gel.
In parallel, to check the occupancy of the SSV2-integration site in the S. solfataricus genome, a PCR analysis was carried out using the primers SSV2attApO1, SSV2attApO2 and SSV2attApO3 [25] , whose sequences are listed in Table S1 . The reactions were set up (as described above) except the annealing temperature was of 55 C.
Semi-quantitative PCR analysis of the SSV2 DNA content
Cell pellets of the initial population InF1-SSV2 and of the isolated clones showing a lower SSV2 titre (clone 1, 1Q and 1Q 1 ) were treated for total DNA extraction using the DNeasy tissue kit (Qiagen). To follow the variation of the SSV2 DNA content among the different clones, a semi-quantitative PCR analysis was performed. Two primer couples were designed using Primer3 software (available at the website: http://bioinfo.ut.ee/primer3-0.4.0/), in order to amplify: (i) a 108-bp region of the host single-copy gene orc1 and (ii) a 238-bp region of the SSV2 single-copy gene vp3 (Table S1 ). A master mix was prepared and PCRs were carried out as described elsewhere [34] , using the following cycling protocol: an initial denaturation step of 5 min at 95 C, followed by 30 cycles of 40 
Results and discussion
Viral gene expression in the infected strains
Previous studies were carried out in the immediate aftermath of the viral infection [26] , on lytic viruses [27e29] or upon induction of the viral replication [10] , and very little is known about the viral/ host gene expression in the carrier state. Two fuselloviruses, SSV1 and SSV2, were chosen as model in this study since they are not lytic and are therefore suitable for transcriptomic analysis in stably infected populations. Furthermore, the double-infected SSV1/SSV2-InF1 strain is a ternary system, which is suitable for analysing the mutual effect of the two viruses on each other as well as on the host gene expression.
To evaluate the effect of the viral infection on the host gene expression, S. solfataricus P2 (InF1) was infected to generate virus harbouring strains, i.e. SSV1-InF1, SSV2-InF1 and SSV1/SSV2-InF1. SSV1 and SSV2 show similar genome organization and gene synteny and, accordingly, SSV2 promoters were named after their SSV1 counterparts [9, 26] . The only significant difference is the absence, in the SSV2 genome, of the SSV1 region involved in regulating the switch from the lysogenic to the UV-induced state. Microarray experiments were performed for all strains at two different growth phases, i.e. at 0.4 OD 600nm (early-exponential) and 1.2 OD 600nm (late-exponential), in order to define which viral genes were expressed. With this aim, microarray slides were co-hybridized with the total cDNA samples from: cDNAs were prepared from the uninfected and infected strains and used as reference and experimental samples, respectively.
SSV1 genes expressed at both growth phases analysed were those encoding: i) the structural proteins VP1, VP2 and VP3, ii) the integrase D335, iii) the transcription repressor F55 and iv) A291 and C124 (Fig. 1) , for which virion docking/release and structural functions have been proposed, respectively [10, 26] . Interestingly, most of viral genes expressed by the SSV2-InF1 strain were homologous to those expressed from SSV1, i.e.: VP1, VP3, A305 (SSV1-A291) and C121 (SSV1-C124) (Fig. 1) . In addition, DnaAlike protein B233 and D79 were found expressed. A transcriptional activity was also detected by a probe matching the 3 0 non-coding region of b233 gene, thus indicating that the mRNA of this gene carries a long untranslated tail like the homolog on the pSSVx genome [9, 35] (Fig. 1) . In the double-infected strain (SSV1/SSV2-InF1), viral genes expressed were those encoding: i) VP1 and VP3 from both SSV1 and SSV2, ii) the homologous proteins A291/A305 and C124/C121, iii) F55 from SSV1 and iv) B233 and D79 from SSV2 (Fig. 1) . Interestingly, gene expression patterns of SSV1 and SSV2 are nearly identical, despite the fact that replication induction for these two viruses is triggered by different stimuli, i.e. the UV-light exposure and the host physiological/metabolic state, respectively. Therefore, this analysis defined a minimal set of genes required in the carrier state for the replication and packaging of both fuselloviruses (Fig. 1) .
In order to evaluate variation of the expression levels of viral genes during the host growth, the following co-hybridizations were carried out: cDNAs from infected strains collected at 0.4 OD 600nm and 1.2 OD 600nm were used as reference and experimental samples, respectively. This analysis revealed a constitutive expression of all the above-listed SSV1 and SSV2 genes, except for the SSV2 ORF a305, which was down-regulated (Table 1) .
Gene expression analysis in the uninfected InF1 strain
To evaluate the effect of viral infection on host gene expression, we first identified up-and down-regulated genes during the growth of the uninfected InF1 strain. With this aim, microarray slides were co-hybridized with total cDNA samples as follows: A total of 60 up-regulated and 27 down-regulated genes were detected (Table 1) . Among the up-regulated ones, expression of 38 genes increased by 2.0e4.9 folds, 13 showed a 5.0e9.9 fold-change and only for 5 genes expression was up-regulated between 10.0 and 33.0 folds. On the other hand, all down-regulated genes showed a fold of repression comprised in the range 2.0e4.9, except for sso2574 whose transcription was down-regulated by 5.9 folds.
A remarkable number of the up-regulated S. solfataricus genes encode proteins belonging to three functional categories, i.e. hypothetical protein, transport and energy metabolism (Table 1) . Transcriptional activation of genes involved in the transport of small metabolites is not surprising and it is likely due to the shortage of nutrients that occurs in a late stage of the growth. Moreover, it is interesting that a homolog of the gene encoding the bacitracin resistance protein (sso1860) is up-regulated, hinting to defence mechanisms acting against xenobiotic peptides produced by other member cells to face overpopulation. On the other hand, down-regulated genes mostly cluster into the categories of transcription and regulation as well as translation (Table 1 ). In particular, down-regulation of many genes encoding for ribosomal proteins is consistent with the reduction of protein synthesis and, in turn, with the decrease of cell growth rate. A complete list of the differentially regulated genes, grouped in functional categories, is reported in the Table S2 .
SSV1 infection has a slight effect on the host gene expression
In order to detect remodelling of the host gene expression in the SSV1-InF1 lysogenic strain, a microarray analysis was carried out by co-hybridizing cDNA samples as follows:
To reveal host genes whose expression is altered as a consequence of the SSV1 infection, we excluded from the analysis those that were up-and down-regulated in the uninfected InF1 strain as a consequence of the physiological changes occurring in the passage from the early to the late exponential growth phase. Among 30 differentially expressed host genes, 17 were up-and 13 downregulated throughout the growth of the SSV1-InF1 strain (Table 1 ). Changes in the expression level tended to be higher for up-regulated genes. The majority of the down-regulated ones decreased by 2e2.5-folds, whereas 5 genes were up-regulated with an increase from 2.8 to 4.3-fold (Table S3) . Although these genes are scattered over several functional categories, a similar trend to that of the uninfected strain was observed. Indeed, genes encoding proteins involved in the transport and translation are up-and down-regulated, respectively.
These data show that the infection by SSV1 has only a limited effect on the host gene expression, suggesting a harmonic coexistence with the host in the carrier state. Accordingly, SSV1 is a temperate virus that self-regulates its gene expression in the carrier state through the pleiotropic effect of the transcription regulator F55 [11, 16] , which represses the expression of the UV-inducible as well as of the early genes. 
Remodelling of the host gene expression induced by SSV2 infection includes the CRISPR-Cas system activation
To investigate the variation of host gene expression during the growth of the stably infected SSV2-InF1 strain, a microarray analysis was carried out by co-hybridizing cDNA samples as follows:
As already described for the SSV1-InF1 strain, all variations of gene expression reported herein for the SSV2-InF1 strain have to be considered merely due to the SSV2 infection. A total of 162 host genes were differentially expressed throughout the growth of the SSV2-InF1 strain, with 77 and 85 genes that were found to be upand down-regulated, respectively (Table 1) . By comparing the total number of differentially regulated host genes in SSV1-InF1 (30 genes) to that of SSV2-InF1 (162 genes), it is evident that the remodelling occurring as consequence of the SSV2 infection is remarkable (Table 1) . Expression variation is in general higher for up-regulated genes (between 2.0 and 7.9 folds) than for those down-regulated (between 2.0 and 6.0 folds). Moreover, expression of the majority of the latter decreased by 3.0-folds or less, whereas 34 up-regulated genes were differentially regulated of 4.0-folds or greater (Table S4) . Intriguingly, although SSV2 is a not-lytic virus, its effect on the host gene expression is comparable to the lytic STIV and SIRV2 [27, 28] . Indeed, 5% of the S. solfataricus genes were directly affected by the SSV2 infection, among which, those encoding for proteins belonging to the functional categories of energy metabolism as well as transcription and regulation tended to be up-regulated (Table 1) . Furthermore, transcriptional induction of IS elements (Tab. S4) has already been reported after SIRV2 infection [29] , as consequence of UV-light exposure [10] and heat shock [36] , thus highlighting their involvement in the S. solfataricus stress response. On the other hand, down-regulated genes are mostly associated with categories of translation ( Table 1 and  Table S4 ). Moreover, repression of stress response genes encoding for the proteasome subunit (sso0278) and Bcp3 (sso0225) resembles the response of S. solfataricus to the infection by SIRV2, which is able in this way to circumvent host defences [28] . Expression remodelling of genes involved in informational processing (i.e. transcription and translation) has been also observed after infection with STIV [27] and SIRV2 [28] . Accordingly, like the latter, SSV2 might take the control over the host informational machinery to replicate its own genome.
One of the most interesting outcomes from this analysis was the expression variation observed for a group of genes involved in CRISPR-Cas antiviral system, i.e.: i) the type IA interference cassette located downstream the locus C, which includes sso1439 (cas3 00 ), sso1441 (cas5), sso1442 (cas7) and sso1443 (csa5); ii) sso1424 (small subunit of CASCADE, CRISPR-associated Complex for Antiviral Defence) and sso1425 (csm3) belonging to the type IIIA interference cassette localized downstream the former one; iii) sso1389 (csx1 putative transcription factor) localized upstream the locus A and iv) sso1997 (cas7 type IA) lying in the proximity of the locus F (Fig. 2, Table 2 ). In parallel, with the exception of the locus E, all CRISPR loci were found to be upregulated during the growth of the SSV2-InF1 strain, with the highest expression induction observed for loci A, C and D (Table 2) . Noteworthy, proteins encoded by the aforementioned up-regulated type IA interference cassette constitute the CASCADE effector complex of S. solfataricus, which is involved in the interference step of the defence system [31] . Interestingly, loci A, B, D and F of S. solfataricus P2 strain contain spacers matching fuselloviral genomes with the highest density observed at the leader-proximal region of the locus F [37] . Although this latter is a non-extending locus, due to the lack of a leader sequence, it can still be useful in challenging viral infection since it generates crRNAs. Accordingly, the aCASCADE (archaeal CASCADE) co-purified with crRNAs from all CRISPR loci [38] and probably exert its activity with all the crRNAs of S. solfataricus, including those from locus F [39] . Moreover, the expression of this locus was confirmed in the strain SSV2-InF1 by RT-PCR (data not shown). In order to evaluate variation of the host genes transcription caused by the co-presence of SSV1 and SSV2, hybridizations were carried out using cDNA samples as follows:
As done before, data from the uninfected strain were used to filter those of the double-infected one, so that gene expression variation reported here is merely due to the presence of both viruses. As concerns viral genes, no significant variation was observed with the exception of the SSV2 gene a305 that showed a down-regulation trend, similarly to that observed for the singleinfected strain SSV2-InF1 (Table S5 ). On the other hand, among 30 differentially regulated host genes, 11 were up-and 19 downregulated during the growth of the double-infected strain (Table 1) . Therefore, the presence of SSV1 in the same host cells of SSV2 quenched the gene expression variation from 162 (being differentially regulated in the single-infected SSV2-InF1 strain) to only 30 genes. Surprisingly, genes and clusters of the CRISPR-Cas system were not induced in double-infected cells. Instead, the expression pattern of the viral genes is overall identical to that displayed by the single-infected SSV1-and SSV2-InF1 strains. The two fuselloviruses show syntenic genomes, with the only significant difference in the region responsible for the UV-inducibility of SSV1, which is lacking in the SSV2 genome [9] . Therefore, it is tempting to speculate that the SSV1 F55 transcription factor, encoded by this region, interferes with the remodelling of the host gene expression induced by SSV2.
Isolation of single clones from the CRISPR-Cas responsive SSV2-InF1 strain
To study if the activation of the CRISPR-Cas system enabled the cells to get rid of SSV2, we performed a screening of the SSV2-InF1 strain to isolate cured cells. Therefore, clones showing a decreased viral titre, compared to the SSV2-InF1 initial population, were further characterized at DNA level to evaluate SSV2 content through semi-quantitative PCR. Results are shown for clones 1, 1Q and 1Q 1 that are representative of the first, second and third round of selection, respectively. The PCR products were analysed for each sample on agarose gel at the 20 th , 25 th and 30 th cycle of amplification and the initial population SSV2-InF1 was used as reference (Fig. 3) . Although the intensity of the orc1 signal is nearly identical when the same amplification cycle is considered, the signal relative to the viral gene vp3 progressively decreases until it becomes hardly visible for the clone 1Q 1 (Fig. 3) . Therefore, the low viral titre observed for this latter clone (two orders of magnitude less than the SSV2-InF1 initial population), is mirrored by a comparable drop of the intracellular SSV2 DNA content (Fig. 3) . In parallel, a PCR analysis of the SSV2 integration site was carried out for the same clones using the primers SSV2attApO1, SSV2at-tApO2 and SSV2attApO3 [25] . The primer couple pO1epO2 allows the amplification of an approximately 968 bp fragment if the integration site is empty (no provirus). On the other hand, the couple ApO1eApO3 leads to the amplification of a 722 bp product only when the integration site is occupied by SSV2 (Fig. 4) . Whereas Table 2 CRISPR loci and cas genes of Sulfolobus solfataricus P2 whose expression is affected by SSV2 infection.
Gene ID Function
Cas gene product sso1389 csx1 (CRISPR-Cas system-associated protein) sso1424 csa5 (CRISPR-Cas system-associated protein) sso1425 csm3 (CRISPR-associated RAMP) sso1439 cas 00 (nuclease subunits of Cas3) sso1441 cas5 (CASCADE complex core) sso1442 cas7 (CRISPR-associated protein, Csa2) sso1443 csa5 (CRISPR-associated protein) sso1997 CRISPR-associated auto-regulator, DevR family homolog
a Spacer position in each locus. STIV, pNOB8 and ATV are probes matching spacers against these genetic elements. SSV1=SSV2InF1 collected at 0:4 OD 600nm ðrefÞ vs SSV1=SSV2InF1 collected at 1:2 OD 600nm ðexpÞ Fig. 4 . PCR analysis of the SSV2 integration site occupancy. Black-straight arrows point out to molecular size markers. To check the occupancy of the SSV2 integration site, PCR products were amplified using the pO1/pO2 (968 bp, free integration site) and pO1/pO3 (722 bp, integrated provirus) primer couples from the SSV2-InF1 as well as from the isolated clones (1, 1Q and 1Q). As shown in the right panel, all infected clones carry the provirus. However, provirus-free cells still persist in the cultures (left panel) although their amount decreases throughout the isolation procedure. Eventually, no empty integration sites were detected in the 1Q 1 clone. Fig. 5 . Leader-proximal region amplification of the S. solfataricus P2 CRISPR array. PCRs were performed to amplify leader-proximal regions of all six CRISPR loci (AeF) from the virus-free strain (InF1), SSV2-infected initial population (SSV2-InF1) and the 1Q 1 clone. The wild-type PCR product (W) has been amplified for all loci, thus indicating the lack of spacer acquisition (no adaptation). Intriguingly, shorter PCR products were amplified from the locus F of the clone 1Q 1 . Sequencing of these fragments confirmed loss of repeat/ spacer units from this locus (see Fig. 6 ). M and N stay for marker and negative control, respectively. amplification of the product pO1epO2 for the infected strain SSV2-InF1 as well as for the clone 1 and 1Q indicates that a fraction of the cell population does not carry the provirus, the absence of such amplicon in the 1Q 1 clone suggests that virtually all cells carry the integrated SSV2 in the attachment site. The amplification of the product pO1epO3 further confirms the presence of the provirus (Fig. 4) . Since the excision of the provirus strictly depends on the presence of active integrase/excision enzymes, encoded by the episomal copies [40] , degradation of the latter by the host CRISPRCas system leads to the entrapment of the provirus (Fig. 4) , as already hypothesized elsewhere [41] .
3.7. SSV2 infection causes deletions at the leader-proximal region of the locus F A fundamental step of the CRISPR-Cas system is the adaptation, which consists in the Cas proteins-mediate incorporation of new spacers from foreign DNAs. This occurs immediately downstream the leader sequence of a given CRISPR locus upon viral infection. In order to detect the integration of new spacers, leader-proximal regions of all S. solfataricus loci were amplified (Fig. 5) . In particular, primer couples were chosen as described elsewhere [33] , so that integration of new spacers would have produced longer PCR products when compared with a control sample (uninfected InF1).
Our PCR analysis detected no differences in the length of the amplified products (loci AeE) among the initial population SSV2-InF1 and the isolated clones (Fig. 5) , thus confirming that no adaptation occurred upon infection with SSV2 at these loci. Nevertheless, smaller PCR products (between 230 and 450 bp) were found when the leader-proximal region of the CRISPR locus F was amplified from the 1Q 1 DNA (Fig. 5) . In order to shed light on the identity of these amplicons, PCR products were run on an agarose gel and single bands were cut off, purified and sequenced. Surprisingly, this analysis showed that progressive deletions occurred at the leader-proximal region of the locus F and up to six repeat-spacer units were found to be lacking (Fig. 6) .
In this regard, it is noteworthy that Stern and co-workers have hypothesized that the incorporation of self-targeting spacers might lead to autoimmunity and select for the loss of CRISPR functions [42] . Moreover, it has been demonstrated that when S. solfataricus is transformed with a plasmid that carries a gene essential for the host and which is also a target of the CRISPR system, surviving transformants show mutations that eliminate the plasmidtargeting spacer [32] . What would happen if the invading DNA, such as a virus, could not be destroyed because it managed to integrate into the host genome, thus becoming 'self'? In the hypothesis that the host is challenging the SSV2 infection (as shown by microarray data), it is likely that the CRISPR-Cas system targets also the integrated viral genome (i.e., the provirus). This event casts a huge fitness cost on cells harbouring self-targeting spacers [43] . As a consequence, the selective pressure drives the inactivation of the CRISPR-Cas system to ensure the survival of SSV2-lysogens. Our results indicate that this is achieved through deletion of spacer units responsible for the recognition of the SSV2 genome (Figs. 5 and 6).
Conclusions
Analysis of both viral and host transcriptomes upon SSV1 and SSV2 infection in S. solfataricus has revealed new insights into archaeal hostevirus interactions. Previous studies were carried out to detect variation of viral and host gene expression in the early phases of the SSV2 infection [26] , upon UV-irradiation for SSV1 [10] or on lytic viruses [27e29]. Therefore, the dissection of the viral transcription patterns during the carrier state has never been performed. Herein, by exploiting stably infected cells in the absence of any stimuli, we demonstrate not only that the host response towards the two viruses is extremely different, but that it is also influenced by the co-presence of both fuselloviruses (Table 1 ). In particular, whereas S. solfataricus establishes a harmonious coexistence with SSV1, the reaction against the infection by SSV2 is remarkable and includes the transcriptional activation of CRISPR loci and cas genes ( Table 2 ). This result is consistent with the isolation of single clones showing a low SSV2 copy number (Fig. 3) . Our study highlights an interesting aspect of the hostevirus interaction in the frame of the CRISPR response, i.e. host cells containing an integrated provirus (Fig. 4) are forced to develop a survival strategy in order to avoid self-attack by the CRISPR-Cas system. In fact, since the provirus is identical in sequence to the episomal copies, it can be targeted by the CRISPR-Cas system as well, thus casting a fitness cost on cells that are actively challenging the SSV2 infection. Our data show, for the first time, that S. solfataricus cells developed a specific strategy to safeguard host genome integrity, i.e. throughout deletion of self-targeting spacers (Figs. 5 and 6 ). How deletion of specific spacers at CRISPR loci occurs is matter of further investigation and it is expected to reveal completely novel molecular components and/or mechanisms of the CRISPR-Cas system.
Another relevant aspect highlighted by this study is the absence of the CRISPR-Cas response in the double-infected SSV1/SSV2-InF1 strain (Table 1 and Table S5 ). The two viral genomes are overall identical with the only significant difference being the absence in the SSV2 genome of a region responsible for the UV-induction in SSV1 (Fig. 1) . Therefore, it is tempting to speculate that transcription factors and/or other molecular components encoded by this SSV1 region are responsible for silencing the CRISPR-Cas response in the double-infected strain. A combination of biochemical and genetic approaches is needed to move toward a better understanding of the mutual influence of the two fuselloviruses in this virusehost system.
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